Bacteriorhodopsin pumps protons across a membrane using the energy of light. The proton pumping is inhibited when the transmembrane proton gradient that the protein generates becomes larger than four pH units. This phenomenon is known as the back-pressure effect. Here, we investigate the structural basis of this effect by predicting the influence of a transmembrane pH gradient on the titration behavior of bacteriorhodopsin. For this purpose we introduce a method that accounts for a pH gradient in protonation probability calculations. The method considers that in a transmembrane protein, which is exposed to two different aqueous phases, each titratable residue is accessible for protons from one side of the membrane depending on its hydrogen-bond pattern. This method is applied to several ground-state structures of bacteriorhodopsin, which residues already present complicated titration behaviors in the absence of a proton gradient. Our calculations show that a pH gradient across the membrane influences in a non-trivial manner the protonation probabilities of six titratable residues which are known to participate in the proton transfer: D85, D96, D115, E194, E204, and the Schiff base. The residues connected to one side of the membrane are influenced by the pH on the other side because of their long-range electrostatic interactions within the protein. In particular, D115 senses the pH at the cytoplasmic side of the membrane and transmits this information to D85 and the Schiff base. We propose that the strong electrostatic interactions found between D85, D115, and the Schiff base as well as the interplay of their respective protonation states under the influence of a transmembrane pH gradient are responsible for the back-pressure effect on bacteriorhodopsin.
Introduction
Most biological membranes separate compartments with different chemical conditions. The difference in proton concentration, in particular, plays an essential role in all kinds of cell activity. For instance, the pH inside lysosomes is maintained at about 5 to provide optimal working conditions for the digestive enzymes that they contain, while it is about 7.5 in the cytosol. A similar situation is found for bioenergetic membranes in chloroplasts or mitochondria, where a pH gradient of about one to four pH units can be generated over the membrane and converted to other forms of energy via a passive back-diffusion of the proton through specialized transmembrane proteins (H membrane increases proportionally. The generated membrane potential difference also adds to this work. Indeed, the electrochemical gradient generated by a proton pump has been observed to affect profoundly the pumping rate of the protein, a phenomenon commonly referred to as the backpressure effect of the electrochemical gradient. 1, 2 In other words, the proton pump is inhibited by the electrochemical gradient that it generates, implying that there is a maximally attainable pH gradient. The back-pressure effect and large but finite pH gradients have been confirmed experimentally in various conditions. 3 -10 Therefore, accounting for the effect of the transmembrane pH gradient on the protein is expected to help elucidating how proton pumps function.
Numerous experimental studies of proton pumps exist in the literature. To date, the most extensively characterized proton pump is bacteriorhodopsin (BR), which is also one of the simplest pumps found in nature. BR uses the light energy to transfer a proton from the cytoplasm of Halobacterium salinarum to the extracellular space. The generated proton gradient is then consumed by ATP-synthase to synthetize ATP from ADP and inorganic phosphate. Upon light illumination, BR undergoes a series of conformational changes (the photocycle), which results in the successive modifications of the proton affinity of its internal polar residues. The changes in proton affinities along the photocycle are responsible for the transfer of one proton across the membrane. Even though a lot of structural and biochemical information is available for BR, the details of its function are still not fully understood at the atomic level. Most of the experimental titrations and kinetics of BR have been performed with the protein embedded in its natural lipid environment (called the purple membrane) and in various conditions of acidity, humidity, temperature, pressure and salt concentrations. 11 -15 The purple membrane is usually prepared in the form of thin films, which are not adequate to study the effect of a pH gradient on the protein. Moreover, such gradients are often unwanted because they complicate the analysis of the titration experiments. Therefore, ionophores or other substances are usually added to reduce or consume the pH gradient. On the other hand, various kinds of experiments have been conducted on liposomes 7,16 -21 or whole cells 22, 23 containing BR proteins. Such conditions allow, in principle, study of the back-pressure effect of the pH gradient on BR. However, no individual titration experiments have been performed on BR embedded in membrane vesicles. Theoretical studies can help to understand the titration behavior of the protein under the influence of a transmembrane pH gradient, which is present under physiological conditions.
Here, we investigate the influence of a transmembrane pH gradient on the titration behavior of BR. We relate our calculations to experiments in which the effect of a transmembrane pH gradient was considered. For this purpose, an existing formalism of calculating protonation probabilities as a function of a single pH 24 -26 is extended to account for different pH values at the two sides of a membrane. This extension is valid for any transmembrane protein and is not restricted to BR only. The pH titration of BR has been already investigated theoretically by continuum electrostatic calculations, 27 -35 which lead to an excellent agreement with experimental data. However, none of these theoretical studies considered the effect of a transmembrane pH gradient. This work represents to the best of our knowledge the first theoretical study on the influence of a transmembrane pH gradient on the titration behavior of a transmembrane protein.
In the first part, we summarize the existing titration method and introduce an extension of this method to account for a pH difference between two reservoirs of protons separated by a membrane. In the second part, we analyze and discuss the results obtained by applying this method to BR, in which functional residues face different solvent and membrane environments. The accessibility of the titratable sites for protons from the extracellular or the cytoplasmic solvent is determined from the hydrogen bond network that involves polar side-chains, internal cavities, and solvent-accessible residues of the protein. We discuss the importance of the long-range electrostatic interactions between distant titratable residues. These interactions are responsible for the effect of the transmembrane pH gradient. We analyze the two-dimensional titration curves calculated as a function of the pH in the extracellular space and the pH in the cytoplasm. Based on our calculations, we propose that the electrostatic interactions between D115, D85, and the Schiff base as well as the interplay of their protonation states are responsible for the back-pressure effect observed for BR.
Theory Titration calculations in proteins
Theoretical calculations of the protonation probability of the titratable sites in a protein are usually based on continuum electrostatics models. 25, 26 Such models treat the protein as a low dielectric region in a high dielectric medium which represents the solvent. Atoms are modeled as spatially fixed partial atomic charges embedded in the low dielectric region. Mobile ions in solution are represented as a Boltzmann-distributed charge density. The electrostatic potential and the electrostatic energy of such a system can be obtained from the solution of the Poisson -Boltzmann equation.
The titration of a single protonatable site is determined by its pK a value. In a protein, the pK a value of a protonatable site can be shifted compared to the pK a value of the same site in aqueous solution. 24 This shift is caused by two effects. First, the site interacts with several charged and dipolar groups within the protein which can stabilize or destabilize the charged form. Second, the larger low-dielectric volume of the protein in which the site is embedded decreases the solvent reaction field. The second effect destabilizes the charged form when the site is buried in the protein.
While the titration curves of single protonatable sites show a sigmoidal behavior, the titration curves can become irregular in molecules with many interacting protonatable sites. 36 -39 This effect is due to the interactions between protonatable sites that titrate in the same pH range. A protein with N titratable sites has 2 N different protonation states if each protonatable site has two forms, protonated or not. The protonation state n of the protein is defined by a protonation state vector
The component x n i of this vector is either 1 or 0, depending on whether site i is protonated or not. The energy G n of the protonation state n of a protein is given by equation (1):
where x o i is the reference state protonation of site i. We consider the totally uncharged state as reference state. R is the universal gas constant and T the absolute temperature. Equation (1) assumes that the contributions to the energy G n are purely additive, which is valid when the linearized Poisson-Boltzmann equation is applied. The intrinsic pK a value ðpK intr a;i Þ is the pK a value that the site i would have if all the other titratable sites would be in their reference protonation form. The W ij term is the interaction energy between sites i and j when they are in their charged forms. Explicit expressions for the individual terms are given elsewhere. 24, 26, 40 The energy of each state depends on the pH of the solution.
The protonation probability of site i is given by a thermodynamic average over all possible protonation states (equation (2)):
Evaluating protonation probabilities by equation (2) is usually too time-consuming for proteins with more than 25 titratable residues. In such cases, a Monte Carlo algorithm can be applied, 26, 41, 42 which was also done in this study. Details are given in Methods.
When two titratable sites titrate in the same pH range and interact strongly with each other, their titration is usually correlated, i.e. the protonation of one site depends on the protonation of the other site. The correlation c ij between the protonation of two sites i and j can be defined by the difference between the probability kx i x j l of having site i and site j protonated at the same time and the product of the probabilities kx i l and kx j l of having site i or site j protonated:
A positive value for c ij shows that site i and site j tend to be protonated at the same time, a negative value indicates that site i tends to be protonated when site j is deprotonated and vice versa. A value of zero indicates no correlation. One can demonstrate that in this context here, the maximum value for positive correlation is 0.25 and the maximum value for negative correlation is 20.25.
Accounting for a transmembrane proton gradient in pH titration
In the case of transmembrane proteins, the residues exposed to different sides of the membrane may experience different proton concentrations. In this study, we develop a scheme to account for the transmembrane pH gradient and analyze its effect on the protonation probabilities of the protein titratable sites.
A transmembrane protein with N sites connected to the extracellular region (EC) and K sites connected to the cytoplasmic region (CP) has 2 NþK protonation states. The energy G n of the nth protonation state is given by equation (4):
where the sites i and j belong to the N sites connected to the EC region with pH EC , and the sites r and s belong to the K sites connected to the CP region with pH CP . It is assumed here that the proton gradient is counter balanced by an appropriate ion gradient leading to a zero membrane potential, a scenario that is possible in experimental setups. 2, 4 In principle, it is also possible to account for nonzero membrane potentials in the framework of the
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Poisson-Boltzmann equation. 43 The expression of G n is the sum of the energy G n ðpH EC Þ of the N sites connected to the EC region, the energy G n ðpH CP Þ of the K sites connected to the CP region, and the cross-interactions between the N and K sites. The energy G n of the state n depends on the pH values of the EC and CP regions separated by the membrane. The protonation probability kx i l of the site i is obtained from equation (2) by summing over all 2
NþK states, and thus depends also on the pH values of the EC and CP regions.
Connectivity of the titratable sites to the extracellular or the cytoplasmic region
In equation (4), each titratable site of the protein must be accessible for protons either from the extracellular space or from the cytoplasm. In proton pumps such as BR, the titratable sites which participate in the proton transfer interact via an extensive hydrogen-bond network. 44, 45 The vectorial proton transfer requires that the hydrogen-bond network is not continuous all along the protein, otherwise the protein becomes a non-vectorial proton channel. 46 Therefore, two or more distinct parts of the hydrogen-bond network relate the titratable residues to either the cytoplasm or the extracellular region in proton pumps. 47 -50 Connecting the sites to the bulk solvent thus requires first to find the hydrogen-bond network in the protein, and second to search for proton transfer paths that connect the titratable residues to either the EC or the CP region.
Hydrogen bonds can be identified from the atomic positions of the polar groups in the protein. These groups involve protein residues, bound ligands (such as the retinal chromophore in BR), and buried water molecules which are known to participate in the proton transfer. 46, 51, 52 Buried water molecules are often not seen in crystal structures because of their high mobility or low occupancy, 53 -55 which might result in apparent internal cavities in protein structures. Since such cavities can be filled with water, they must be considered while calculating the hydrogen bond network. Thus, the determination of the protein hydrogen-bond network requires the identification of all relevant donors/acceptors and the internal cavities. Finally, the hydrogen bonds between solvent-accessible polar residues and the bulk water must be identified to connect the hydrogen-bond network to the CP and the EC regions.
The hydrogen-bond network is then represented as a mathematical graph, where polar groups as well as the EC and CP regions are nodes and hydrogen bonds are vectorial arcs. A graphtheoretical method is employed to search the graph for connections between every titratable site and the EC or the CP region. Thus, for each residue that belongs to the hydrogen bond network, it is possible to detect whether it is connected to either the EC or CP region, both regions, or none.
Results and Discussion
Protein, membrane and solvent environments BR contains 39 titratable sites in the residue range 5 -231: seven arginine residues, eight aspartic acid residues, six glutamic acid residues, six lysine residues, 11 tyrosine residues, and the Schiff base (SB) linking the retinal chromophore with K216. Since BR is a transmembrane protein, the titratable sites face different environments, depending on their locations. Many functionally important titratable sites are buried within the protein core. Table 1 summarizes the local environment of the titratable residues in BR. These data were obtained from the solvent accessibilities calculated with the structures embedded in the membrane (see Methods). Most sites are directly exposed to the solvent (20 residues). The others are buried inside the protein (12 residues), face the hydrophobic part of the membrane (two residues) or lie at the interface of the solvent and the membrane (five residues). The sites pointing to the solvent of the cytoplasmic region are the most numerous (14 sites), while only six titratable residues are exposed to the extracellular region. This inbalance is explained by the offset of the membrane bilayer with respect to the protein center: the protein surface exposed to the EC region is smaller than that exposed to the cytoplasm. 52, 56 Twelve titratable sites are located within the protein core: the retinal Schiff base, several key residues potentially involved in the proton transfer (R82, D85, D96, D115, E194, E204, D212), and most tyrosine residues. All sites in the protein interior are not directly accessible from the bulk, though they might have hydrophilic contacts with water molecules buried inside protein cavities. Most of the titratable sites known to participate in the proton transfer interact with internal crystallographic water molecules. 44, 52 Global hydrogen-bond network
The hydrogen-bond network was calculated for three ground-state structures of BR (1C3W, 57 1KGB, 58 and 1KME
59
) to determine the residue connectivities to the bulk. Figure 1 depicts the hydrogen-bond network obtained for 1C3W. The hydrogen-bond networks obtained for 1KGB and 1KME are very similar. The network consists of several parts: the side-chain hydrogen bonds as determined by geometrical criteria; hydrogen bonds connecting residues lining the protein cavities which are assumed to contain at least temporarily water molecules; and additional hydrogen bonds connecting the solvent-accessible residues to either the EC or the CP region. These three parts are analyzed in the following paragraphs.
The first part of the global hydrogen-bond network consists of the side-chain -side-chain hydrogen bonds which are calculated according to geometrical criteria (see Methods). On the extracellular side of the protein, most noticeable are the hydrogen bonds between the carboxylate groups of D85 and T89, the two hydrogen bonds of D212 with its neighboring residues Y185 and Y57, the hydrogen bond between S193 and E204, and the hydrogen bond between the two glutamic acid residues E194 and E204. On the cytoplasmic side of the protein, we find a hydrogen bond between D96 and T46 and another one between D115 and T90. These side-chain -side-chain hydrogen bonds are consistent with earlier descriptions of the hydrogen-bond network in BR.
12,57 They represent, however, only a subset of this network, since many hydrogen bonds found in the crystal structures involve water molecules buried in the protein. In our study, we represent such buried water molecules as internal cavities in the protein.
The second part of the global hydrogen-bond network consists of the hydrogen bonds formed between the protein side-chains containing hydrogen-bond donors/acceptors and protein internal cavities. Table 2 reports the internal cavities found in the 1C3W structure. Similar cavities are found in 1KGB and 1KME. The largest cavity (105 Å 3 in 1C3W) contains the three crystallographic water molecules 403, 404, and 405. It is located at the extracellular side of the protein between R82 and the two glutamic acid residues E194 and E204. R82, E194/E204, and the water molecules contained in the cavity constitute the so-called proton release complex. 12 The volume of this large cavity suggests the possibility to accommodate more water molecules than those observed in the crystal. A cavity located between D85 and R82 holds the water molecules 401 and 406 and is closely neighbored by the cavity that holds water 402. These two cavities are merged in 1KGB and 1KME. Many cavities do not contain any crystal water molecules, although their volume can be as large as 59 Å 3 . Furthermore, at least one polar sidechain contributes to the formation of several empty cavities. Empty cavities might thus contain highly mobile water molecules potentially participating in the proton transfer. We assume here that all cavities found in the structures are at least temporarily filled with water. Hence, the hydrogen-bond donors and acceptors of the lining protein side-chains are connected to the cavity with additional hydrogen bonds. Those residues are given in bold in Table 2 . The hydrogen bonds between protein side-chains and cavities represent a large subset of the global hydrogen-bond network ( Figure 1) .
The third part of the global hydrogen-bond network consists of the hydrogen bonds formed between the solvent-accessible polar side-chains of the protein and the bulk. Since the protein is embedded in the membrane, its solvent-accessible surface is unambiguously divided into two distinct parts, EC and CP. Thus, the polar side-chains accessible from the cytoplasm form hydrogen bonds with the solvent of the CP region only. Similarly, the polar side-chains accessible from the extracellular region form hydrogen bonds with the solvent of the EC region only. For clarity, these hydrogen bonds are represented schematically in Figure 1 as yellow lines connecting the solventaccessible residues and either the EC or the CP region. The solvent accessibility of the BR residues was obtained from the cavity detection algorithm 
a Local environment of the residue: S, solvent-exposed; P, buried inside the protein; M, facing the membrane; combinations denote residues at the interface.
b Residues that are manually assigned according to experimental data and visual inspection; non-titrating S193 is manually connected to the EC region.
c Schiff base between the retinal and K216.
d Alternate connections (see Figure 4 ).
(see Methods). The side-chain hydroxyl group of S193 does not point to the bulk directly but instead interacts with E204 (as noted above) and E194 in the protein core. These two glutamic acid residues belong to the proton release complex, which releases the proton to the bulk. 60 The temperature factors of S193, E194 and E204 are higher than those of the neighboring residues, indicating that they are more flexible. The higher flexibility of this region makes it likely that the hydroxyl group of S193 is also accessible from the bulk in some conformations. Hence, we considered that the S193 polar side-chain forms a hydrogen bond with the EC region as well as with E204.
Connectivities of the titratable residues to the bulk Table 1 reports the solvent connectivities obtained for all 39 titratable residues by searching the global hydrogen-bond network with a graphtheoretical algorithm (see Methods). Thirty-six residues out of 39 were automatically and uniquely connected to either the CP or the EC region. The remaining unconnected residues are R134, D96, and D115. R134 does not form hydrogen bonds with the side-chains of its surrounding residues, and thus cannot be connected to the solvent. However, the distance of its side-chain charged group to the carboxyl group of E194 is 5-6 Å . Due to its Figure 1 . Global hydrogen-bond network for the 1C3W model. EC and CP mark the extracellular and cytoplasmic region, respectively. Hydrogen bonds calculated according to the geometrical criteria of Figure 7 are shown by green dotted lines. Protein internal cavities are depicted as transparent surfaces, and crystallographic water molecules as red balls. The polar sidechains lining the cavities form additional hydrogen bonds with the cavities (cyan dotted lines). Solventaccessible residues (contoured in yellow) are hydrogenbonded to the bulk. The titratable sites accessible from the CP region are labelled in green, while those accessible from the EC region are labelled in blue. The hydrogen bond between D115 and T90 is omitted for clarity. proximity to the residues of the proton release complex, we connected R134 to the EC region. According to our titration calculations presented below, this choice does not influence our results, since R134 is predicted to be always protonated.
The residues D96 and D115 are located at the cytoplasmic side of the protein. In the groundstate of BR, D96 is not accessible to the solvent due to the shielding caused by F42. 61 However, it is well established that D96 is directly involved in the reprotonation of the Schiff base from the cytoplasm at later stages of the photocycle. 12 This residue was consequently connected to the CP region. The connectivity of D115 is not as obvious. It is located in the protein core, about 7 Å away from the Schiff base and from the b-ionone ring of the retinal 47 (see Figures 1 and 2 ). D115 and D96 are the only protonated aspartic acid residues in the groundstate of BR, 62 and are likely to interact with each other. 63 However, D115 might not participate in the reprotonation of the retinal from the cytoplasm. 64 There is thus no clear experimental evidence that D115 is connected to the CP region. Because the titration of D115 may influence other residues that titrate in the same pH range, we connected this residue to the CP region for one set of calculations, and to the EC region for another. However, since D115 is located in the cytoplasmic part of BR, we favor the assignment to the CP region. Moreover, D115 is in proximity to a large cavity (cavity 6 in Table 2 ), which might connect this residue with the cytoplasmic region if protein motion is considered.
Long-range electrostatic interactions within the protein
Continuum electrostatics calculations were performed to obtain the different contributions to the protonation state energies Gn of the protein (equation (4)). Since BR is found in the membrane of Halobacterium salinarum, an extremophile archaeum that lives at very high salt concentrations, 65 values depend on whether a site is connected to the EC or the CP region. Figure 2 shows the interactions energies W ij between several important titrating residues of BR obtained for 1C3W. Only the interactions above 1 kcal/mol are depicted for every pair of residues among the Schiff base, D85, D96, D115, E194, and E204. The R82 and D212 residues are not shown since they do not titrate in the investigated pH range. The titratable sites and their interaction energies are colored according to the residue connectivity given in Table 1 . The strongest interactions are found between D85 and the Schiff base (12.80 kcal/mol) and between E194 and E204 (11.56 kcal/mol). The sites in the pairs D85 -Schiff base and E194 -E204 are thus likely to be in different protonation states over a wide range of pH. D115 strongly interacts with the Schiff base, D85, and D96 (respectively, 5.60, 4.09 and 2.55 kcal/mol). The titrations of the three aspartic acid residues D85, D96, and D115 thus influence each other, particularly since D85 and D96 are connected to different solvent regions.
The presence of a membrane region in our calculations creates a low-dielectric environment which does not shield the electrostatic interactions as strongly as the bulk water. As a consequence, the electrostatic interactions between the titratable sites in the protein are relatively high even at long distances. Interestingly, the titratable sites located near the retinal (D85, D115, the Schiff base) interact significantly with a residue near the cytoplasm (D96) and other residues near the extracellular region (E194, E204). When the pH differs at the Figure 2 . Interaction energies between selected BR residues in 1C3W. The cytoplasm (CP) and extracellular (EC) regions are represented, respectively, as green and blue areas. The residues connected to the CP or EC regions, as well as their interaction energies (in kcal/ mol), are depicted with the corresponding colors. The interaction energies colored in red denote residues connected to different solvent regions. D115 is represented here as connected to the CP region, but the alternate connectivity to EC is also considered (see the text and Figure 4 ).
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two sides of the membrane, the long-range electrostatic interactions that occur along the membrane normal can play an important role in the titration of the residues buried deeply in the protein core.
Irregular titration curves and the effect of the pH gradient
For a single titratable site in solution, the protonation probability as a function of pH gives a Henderson -Hasselbalch sigmoidal curve. However, the titration curve of a titratable residue that interacts with other titratable sites in a protein may deviate from the sigmoidal curve. The halfprotonation point (or pK 1=2 value) is obtained from the pH value where the protonation probability is 0.5. Figure 3 shows the protonation probabilities obtained for three aspartic acid residues and the Schiff base of 1C3W. The Schiff base is essentially always protonated with a protonation probability between 0.98 and 1.0. The aspartic acid residue D104 is a residue exposed to the cytoplasm. Its titration curve gives a halfprotonation point of 3.68 and has a Hill coefficient of 0.913. Thus, the titration behavior of D104 slightly deviates from the titration of an isolated aspartic acid residue ðpK a ¼ 4Þ. In contrast, the titration curves of D85 and D115 clearly deviate from a standard sigmoidal curve. Such irregular titration curves have also been observed in previous experimental 66, 67 and theoretical studies 27, 29, 33, 34 without the presence of a transmembrane proton gradient. They occur as a result of the strong electrostatic interactions between the residues that titrate at the same pH range.
The titration behavior of titratable sites in transmembrane proteins can be even more complicated, since the pH at the two sides of the membrane may differ. The protonation probabilities calculated here as a function of the pH in the CP region and the pH in the EC region lead to two-dimensional titration curves. Figure 4 shows the 2D titration curves obtained for a representative set of titratable sites in BR. A titration curve as a function of a single pH as in Figure 3 corresponds to the protonation probability obtained along the diagonal pH EC ¼ pH CP of the 2D titration curves. The effect of connecting D115 to the CP region or to the EC region is shown in Figure 4a and b, respectively. The protonation probability is color-coded, and contour lines give details in areas where the probability is close to 0 or 1. Figure 5 shows the influence of the ionic strength and conformational variability between the three BR structures for the Schiff base and D85. The combined effects of pH gradient, ionic strength, and conformational variability are analyzed in the following paragraphs. Among the 39 titratable sites of BR, six show an irregular titration behavior that reflects the influence of the pH gradient across the membrane. These sites are the aspartic acid residue D85, D96, D115, the glutamic acid residues E194, E204, and the Schiff base. In contrast, the titration of the other titrating residues depends only on the pH of either the EC or the CP region, as shown for D104 and E74 in Figure 4a . Several residues do not titrate at all within the investigated pH range. These nontitrating residues are tyrosine residues (always protonated), R82 (always protonated), and D212 (always deprotonated). Their constant protonation over large pH ranges are consistent with experimental data 62, 66, 68, 69 and previous theoretical calculations. 33 The protonation probability of D85 depends on the pH at the two sides of the membrane. This key residue is the first proton acceptor after the retinal becomes deprotonated during the L to M transition of the BR photocycle. 12 According to experiments, D85 is deprotonated while the Schiff base is protonated in ground-state BR. Figures 4 and 5 show that D85 is predicted to be mostly deprotonated, which is consistent with the experimental pK a value of 2 obtained in high salt concentration. 70 In physiological pH range, our calculations show that the protonation probability of D85 varies slightly between 0.01 and 0.12 as a consequence of minor conformational variations between the structures ( Figure 5 ). This residue becomes fully deprotonated only at very high pH values, as shown by the contour line corresponding to a protonation probability of 0.01. Although those pH values are quite high, the titration behavior of D85 is influenced by pH CP and not only by pH EC to which it is connected. This effect is also observed in the titration behavior of D85 at pH CP above 7, where the contour lines are parallel with the diagonal (Figures 4a and 5) . However, the influence of pH EC is less pronounced when D115 is connected to the EC region, because in this situation D115 titrates only when pH EC is above 9 (Figure 4b ). At pH CP below 7, ionic strength 1 M, D85 titrates mainly as a function of pH EC with a protonation probability of 0.5 at pH values between 1.5 and 2.5, depending on the structure. This result is in agreement with the titration curves obtained experimentally 66, 67 as well as in previous theoretical calculations. 33, 34 The protonation probability of the Schiff base is also influenced by the pH gradient. The Schiff base is predicted to be mostly protonated, which is consistent with the high pK a value of 12.4 -13 obtained experimentally. 71, 72 In our calculations, the Schiff base titrates only at very high extracellular pH values. Depending on the structure, the protonation probability varies between 0.99 in 1C3W to 0.88 in 1KGB ( Figure 5 ). The titration curve of the Schiff base has a similar but antagonist behavior to D85: the Schiff base never becomes fully protonated at physiological pH values. This result reflects an interchange of the proton between the Schiff base and D85. D96, which is buried within a hydrophobic environment near the cytoplasm (Figure 2) , 61 also has an irregular titration that is influenced by the pH gradient. Even at a long distance from the EC Figure 4 . Two-dimensional titration curves of selected titratable sites in bacteriorhodopsin (1C3W model) as a function of pH CP and pH EC . The ionic strength is 1 M. D115 is alternatively connected to (a) the cytoplasm or (b) the extracellular region. The protonation probability is color-coded according to the color gradient given on the right linear scale. Red, deprotonated; blue, protonated; green, half protonated; yellow and cyan show a probability of 0.25 and 0.75, respectively. Selected level curves (in white) are depicted in uniform areas. The diagonal (broken line) represents a titration with DpH ¼ 0. The broken-line square shows the region delimited by the experimental pK a of D85 ðpK a , 2Þ 70 68,69 represent examples of sites which are always deprotonated (resp. protonated) over the whole pH ranges. The region, D96 is affected by the extracellular pH as a result of the long-range electrostatic interactions. Our calculations predict that D96 is fully protonated at pH CP below 8 in the three ground-state structures of BR (Figure 4 ). This result is consistent with experiment. 73 -75 However, connecting the D115 residue to the EC region shifts the curves by about two pH units down the pH CP axis, because D115 is always protonated at pH EC below 8. D96 is still fully protonated at pH CP below 8. When pH EC is below 8 (Figure 4a ) or 5 (Figure 4b ), the titration of D96 correlates with the titration of D85 since both residues have irregular titrations at low extracellular pH.
According to experiments, D115 is protonated in ground-state BR. 62 We find that its titration behavior is also influenced by the pH gradient. As mentioned above, this residue is completely buried in the protein core without direct connection to the cytoplasm or the extracellular region. For this reason, D115 was alternatively connected to either the CP or the EC region, and two sets of calculations were performed. Based on the localization of D115 at the cytoplasmic side of BR, we favor, however, the assignment of this residue to the cytoplasmic region. Presumably, the structural changes occurring along the photocycle will connect this residue to the cytoplasmic region. In agreement with experiment, D115 is predicted to be mostly protonated at physiological pH values. Our calculations show that the residue titrates at lower pH values than D96 (Figure 4a) . Furthermore, when D115 is connected to the CP region (Figure 4a) , the protonation probabilities of D115 and D85 correlate for pH EC between 4 and 8 and pH CP between 8 and 12. This correlation does not occur when D115 is connected to the EC region. While the role of this residue in the function of BR is not clear, our results show that D115 affects the titration of D85, and thus possibly influences the first step of the proton transfer in the BR photocycle.
The last two residues having an irregular titration are E194 and E204. These glutamic acid residues are facing each other in the proton release complex and are strongly coupled electrostatically (Figure 2) . Figure 4a and b show that, over wide pH ranges, E194 is mostly protonated while E204 is essentially deprotonated. This result is consistent with recent titration calculations of ground-state BR 33 performed in similar conditions, i.e. without explicit water molecules in the protein cavities. Even though D204 is predicted to be protonated in some experiments, 76 the individual protonation states of E194 and E204 are unknown, since only a global pK a value of 9.5 is given for the proton release complex as a whole. 77 Furthermore, other experiments 60 and titration calculations 33 suggest that the proton release complex of BR is not a specific residue but instead an excess of proton within an hydrogen-bond network involving at least two internal water molecules. From our calculations we find that at least one proton is bound to the proton release complex in the physiological pH range. The titrations of these two glutamic acid residues located near the extracellular region are slightly influenced by the pH of the cytoplasm (pH CP above 8 -10) .
In summary, six titratable sites in BR (D85, D96, D115, E194, E204, and the Schiff base) show a titration behavior that is influenced by the pH gradient across the membrane. Their titration curves are slightly influenced by the local conformational variability, as shown by the three ground-state structures that we studied here. The main effect of the mobile ions in the solvent is to shield the electrostatic interactions between the titratable residues, which results in only slight changes of the titration curves. Even though the ionic strength is felt by internal residues such as D85 and the Schiff base as a result of the longrange electrostatic coupling, its effect is minor for those residues. The residues that are influenced by the transmembrane pH gradient participate directly or indirectly in the active proton transfer. 12 Since no titration experiments under a pH gradient have been reported for BR so far, our theoretical results predict that a pH gradient influences significantly the functional residues of the protein. In particular, the first proton transfer step in the photocycle, where the Schiff base donates its proton to D85 (BR to M transition), is likely to be regulated by the pH gradient across the membrane, as observed experimentally. 78 Future titration experiments accounting for the influence of the pH gradient on BR are highly desirable to confirm our predictions.
The structural basis of the back-pressure effect
At a certain level, the transmembrane pH gradient generated by BR inhibits further proton pumping. 2 This phenomenon is known as the back-pressure effect. The influence of the transmembrane pH gradient has been studied on liposomes, in which BR pumps protons from the inner lumen of the vesicle to the external medium. 79 Based on these measurements, it was concluded that the maximal pH gradient that BR can generate is four pH units and a diagram of the proton pumping active region of BR was derived. This diagram is depicted by dotted lines in Figure 6 , which shows the protonation probability of D85 and D115 as well as the correlation between their protonation probabilities as a function of pH CP and pH EC . The proton pumping active region is delimited by the pH EC ¼ pH CP diagonal, a line parallel with the diagonal but shifted by four pH units below the diagonal, a line at pH EC < 2.5 parallel with the pH CP -axis, and a line at pH CP < 10 parallel with the pH EC -axis. The line at pH EC < 2.5 was identified with the pK 1=2 value of D85. The proton pumping activity above the diagonal (pH EC . pH CP ) cannot be investigated with this kind of experiment because the measurements always starts from the situation where pH CP ¼ pH EC , i.e. at the diagonal. Proton pumping transfers protons from the inner of the liposome (pH CP ) to the external medium (pH EC ) and thus leads to an acidification of the external medium and an alkalization of the liposome interior (pH EC , pH CP ).
From our titration calculations under the influence of a pH gradient, we can rationalize the proton pumping active region of Figure 6 and relate this functional feature to structural informations. For pH EC , 2.5 and pH CP , 6.5, D85 becomes protonated and cannot function as the proton acceptor in the first proton transfer from the Schiff base ( Figure 6 ). This explanation was already found from previous studies. 79 When pH CP rises above 6.5, the pK 1=2 of D85 shifts upwards. Therefore, already at higher pH EC , D85 cannot accept a proton from the Schiff base anymore. The pK 1=2 shift of D85 is due to the strong electrostatic interaction of about 4 kcal/mol with D115 ( Figure 2 ). The strong interaction between these two residues can also be seen from the anticorrelation of 2 0.23 in Figure 4 , which is close to the maximal possible value of 2 0.25. Since D115 most likely receives its proton from the CP region and D85 from the EC region, their interaction leads to a mutual shift of the pK 1=2 value parallel with the diagonal of Figure 6 . This shift roughly coincides with the line parallel with the diagonal delimiting the proton pumping active region. At pH CP . 10, D115 becomes deprotonated and stabilizes the protonated Schiff base by 5.6 kcal/ mol. This stabilization of the proton on the Schiff base should occur not only in the ground-state but Figure 6 . Two-dimensional titration curves of D85 and D115 in the 1C3W model (left and middle), and correlation between the protonation states of these residues (right). The area delimited by the dotted lines represents the pH region in which BR can pump protons according to Kouyama et al. 79 D85 and D115 start titrating in the pH regions where BR is inhibited by the back-pressure effect. The plot on the right-hand side shows a strong anti-correlation between these two residues, indicating that the deprotonation of D115 favors the protonation of D85.
Effect of a Transmembrane pH Gradient also in the next intermediates along the BR photocycle. Thus, deprotonating D115 at pH CP . 10 is expected to stop the photocycle from functioning.
Taken together, these experimental data and our computational results suggest a possible role of D115 in the regulation of the proton pumping function of BR under high pH gradients. We propose that the strong electrostatic interactions between D85, D115, and the Schiff base as well as the interplay of their protonation states are responsible for the back-pressure effect on BR when a high pH gradient is reached.
Conclusion
Here, we investigated the effect of a transmembrane pH gradient on the protonation probabilities of BR. For this purpose, we introduced a theoretical framework to account for the effect of the pH gradient on the titration calculations of transmembrane proteins. In a transmembrane protein, the residues connected to different sides of the membrane may be exposed to different proton concentrations. As a consequence of the electrostatic interactions between these residues, the titration curves can become highly irregular and may depend on the pH at the two sides of the membrane. The titratable residues exchange protons with the bulk solvent either directly or, in the case of buried residues, through an extensive hydrogen-bond network. The pH value felt by a particular buried residue thus depends on the hydrogen-bond network around this residue. By searching for proton transfer paths in the hydrogen-bond network of bacteriorhodopsin, most of the titratable residues could be uniquely connected to either the cytoplasmic or the extracellular region. None of the residues was connected to both sides of the membrane. This structural feature is required for a protein which performs a vectorial proton transfer, i.e. there are two separate parts of the hydrogen-bond network in the protein: one at the cytoplasmic side of the protein, and another at its extracellular side. 12, 47 The protonation probability of 6 of the 39 titratable sites of bacteriorhodopsin depends on the pH at the two sides of the membrane. These sites are the residues D85, D96, D115, E194, E204, and the Schiff base. They are directly or indirectly involved in the proton transfer during the photocycle of BR. 12 Thus, the pH gradient that BR generates influences the titratable sites located deeply in the protein core as well as the residues involved in the proton release to the extracellular region and the proton uptake from the cytoplasm.
The back-pressure effect of BR, which can be interpreted as a feedback inhibition of the generated transmembrane pH gradient on proton pumping, prevents over-acidification of the external medium. This functional feature of BR can be of physiological importance when H. salinarum lives in dense colonies: making the local environment become too acidic would be hazardous for the cell. According to our calculations, the electrostatic interactions between D85, D115, and the Schiff base and the interplay of their protonation states provide the structural basis for the back-pressure effect. Our calculations shed new light on the role of D115. The function of this residue has not been fully clarified yet. We propose that D115 senses the pH on the cytoplasmic side of the membrane and transmits this information to D85 and the Schiff base of BR, two key sites involved in the proton transfer mechanism of BR. This information is transmitted over long distances via long-range electrostatic interactions. Since many biological membranes separate compartments that have different pH, the situation described here is important to understand the function of transmembrane proteins in general.
Methods Preparation of three ground-state BR structures
Three high-resolution X-ray structures of ground-state BR were used as starting models for all calculations. The first two structures with PDB codes 1C3W 57 and 1KGB 58 were solved at 1.55 Å and 1.65 Å , respectively, from crystals grown with the cubic lipid phase method. 80 The third structure with PDB code 1KME was solved at 2.0 Å from crystals obtained with the bicelle crystallization method. 59 This model contains two upside-down monomers in the unit cell that show no structural deviation after superimposing 81 their C a atoms (the allatom RMSD value is ,10 23 Å ). The second monomer was thus discarded.
The structures 1C3W and 1KGB lack the intracellular EF loop (residues 155-162). We therefore took the EF loop coordinates from the 1QHJ structure 45 after superimposing its C a atoms to those of 1C3W and of 1KGB, respectively. The side-chain of R175 clashed with T157 once the EF loop was added. In the 1QHJ model, R175 adopts a different conformation which prevents those bad contacts. Moreover, this conformation allows for hydrogen bonding between R175 and both T157 and N176. Hence, the conformation of the R175 residue was taken from 1QHJ. The EF loop and its flanking residues (150 -176) were then relaxed with 500 steps of steepest descents minimization followed by 500 steps of adopted basis Newton -Raphson minimization. All other atomic coordinates were kept fixed. Positional harmonic constraints were used in order to limit the coordinate changes. A force constant of 1 kcal mol 21 Å 22 restrained all atoms of the added EF loop and the nearby M163 residue. Higher restraints were applied to the backbone and side-chain atoms (5 and 2 kcal mol 21 Å
22
, respectively) of the residues flanking the EF loop (150 -154 and 164-176). The side chains of R175 as well as K172 were restrained with a weak force constant (0.1 kcal mol 21 Å 22 ). The energy minimizations were done using the program CHARMM. 82 All lipids and crystallographic water molecules were removed from the structures. The water molecules were modelled with a high dielectric constant and the membrane environment with a low dielectric region around the protein (see below). Neutral blocking groups were added to the main-chain termini (acetylated N terminus for the residue T5, and N-methylamide C terminus for G131), since the flanking residues are not resolved in any of the known crystal structures of BR. Hydrogen positions were constructed with the HBUILD procedure 83 in CHARMM using the CHARMM22 parameter set 84 and subsequently optimized with 100 steps of adopted basis Newton -Raphson minimization.
Hydrogen-bond network and residue connectivity to the bulk
The following part describes the methods that we used to calculate the side-chain -side-chain hydrogen bonds; to identify the protein internal cavities and the solvent accessibilities of the residues which form additional hydrogen bonds; and to search the hydrogenbond network by graph-theoretical methods in order to connect each titratable residue to either the CP or the EC region. Those calculations were performed with software developed for the present study unless noted otherwise.
Hydrogen bonds were calculated by first constructing hydrogen atom positions with standard geometrical parameters as taken from the CHARMM22 force field. 84 We used only geometrical criteria to decide whether a proton donor/acceptor pair forms a hydrogen bond. These criteria are detailed in Figure 7 . They are similar to, though not identical with, those defined in other programs such as HBplus 85 and HBexplore. 86 We used the following values for atomic distances and angles:
, e # 608, and z # 608. They are relatively loose to implicitly allow for local structural flexibility. All hydrogen bonds involving backbone atoms were discarded, since only side-chain hydrogen bonds are relevant for proton transfer. The hydrogen-bond network can be represented as a mathematical graph made of atoms (nodes) connected via hydrogen bonds (vectorial arcs) directed from the donor towards the acceptor atom.
Protein internal cavities were identified using a 3D-grid, which initially was big enough to hold the whole protein (Figure 8a , "coarse" grid). All crystallographic water molecules were removed from the structure, and atomic radii of the solute were expanded by the radius of a probe sphere which represents a water molecule. First, the solvent-accessible volume of the protein was Effect of a Transmembrane pH Gradient mapped to the grid, i.e. all grid points in the expanded atoms were assigned to the solute. Second, starting from the grid corners and using a simple linear scanning, all grid points outside of the protein were assigned to the solvent or to the membrane environment. Third, the remaining unassigned grid points, which thus belong to protein internal cavities, were discriminated using a flood-filling technique 87 that finds all neighbors to any grid point located in a cavity. To allow for very fine grids, the flood-filling technique was implemented with a non-recursive algorithm. A refinement procedure then sampled again each cavity with a finer and smaller grid centered at the cavity (Figure 8b , "fine" grid). The volume of the refined cavities was calculated and their lining residues were identified. At this stage the refined cavities were assumed to contain water molecules that can conduct protons. Hydrogen bonds were added between the cavity and all surrounding hydrogen-bond donors and acceptors. No geometrical criteria were considered here. Finally, each solvent-accessible hydrogenbond donor or acceptor was connected to either the EC or the CP side. Coarse cavities were obtained using a grid spacing of 0.1 Å . The cavity refinement was performed with a grid spacing of 0.05 Å . The probe radius of 1.4 Å was reduced by twice the grid spacing in order to compensate for the use of a discrete grid. The protein and retinal atomic radii were 1.0 Å for H atoms, 1.55 Å for N, 1.7 Å for C, 1.5 Å for O, and 1.8 Å for S.
The search for solvent connectivity paths was conducted for each of the 39 titratable residues in the three BR models using Dijkstra's algorithm. 88 The titratable residues which could not be connected to the EC or to the CP region were connected according to experimental data taken from the literature (see Results). No residue was found to be connected to both the EC and CP regions, which is consistent with a vectorial proton transfer.
Model construction of the membrane environment
In order to model the low dielectric region of the membrane, the BR structures were embedded in a ring of dummy atoms which represents the hydrophobic part of the membrane lipids ( Figure 9 ). The ring resembles a micelle of lipids surrounding the protein. This representation of the membrane offers several advantages over the infinite low-dielectric slab model. 27 The first advantage is that we can include the ionic strength in the calculation of the electrostatic energy of the system. Considering ionic strength is important for BR, since the optimal salt concentration for H. salinarum growth is 4 -5 M NaCl (see, e.g. Madigan & Oren's review). 65 The second advantage is that all protein cavities are filled with a high dielectric medium. In the infinite slab method, a cylinder is used to define the region, which might contain protein cavities, i.e. highdielectric regions inside the membrane part of the protein. The regions in the cylinder volume which are not occupied by the protein are treated as high-dielectric regions. Thus, if the cylinder is chosen too big, the highdielectric region expands into the membrane. If it is chosen too small, a low-dielectric medium fills the cavities lying outside the cylinder. Consequently, the infinite slab model tends to be replaced by alternatives that are equivalent in effect, such as the dummy atom model described below or the models proposed recently in other theoretical studies of BR. 34, 35 The membrane ring of thickness l was constructed as follows. The maximum radius r p of the protein within the membrane region was determined (Figure 9a) . A torus was then placed around the cylinder defined by r p and l, such that r c ¼ r p and r a ¼ l=2, where r c is the radius from the center of the torus hole to the center of the torus tube, and r a is the radius of the torus tube. The outer radius of the torus r ¼ r c þ r a defines a bounding-box of size 2r £ 2r £ l. The construction of the ring starts by filling the space contained in this box at a regular interval of 3 Å , and placing dummy atoms of (Figure 9a and b) . The volume occupied by the protein and its cavities was obtained using our cavity detection method (Figure 8a ). Since the membrane construction may create artificial cavities between the dummy atoms and the protein surface, an adaptive subsampling of the dummy atom locations was performed near the protein surface. The density of dummy atoms was thus higher near the protein surface to adapt its shape (Figure 9b and c) . Overall, the construction procedure led to a model of the membrane hydrophobic region that mimics a micelle around the protein.
BR structures were oriented such that the membrane lies in the ðx; yÞ plane by superimposing the 1KGB and 1KME models to 1C3W, in which the crystallographic a=b plane is equivalent to purple membrane sheets. 57 The membrane boundaries along the z-axis (and thus its thickness l) were obtained by superimposing several X-ray structures of ground-state BR (1C3W, 57 1KGB,
58
1C8R and 1C8S, 89 1F4Z and 1F50 90 ) that contain lipid chains, and averaging the z-coordinates of the lipid C ð11Þ and C ð41Þ atoms. This averaging gave a membrane extending in the range 2 12.2 -18.5 Å along the z-axis relative to the 1C3W model. The corresponding thickness, about 31 Å , is compatible with experimental measurements 56 when polar heads (about 5 Å ) are excluded. Visual inspection also showed that the overall membrane location fits well the protein temperature factors in the used models. A membrane ring was constructed for each of the three BR models in order to account for structural variations.
Continuum electrostatics calculations
The intrinsic pK a value ðpK intr a;i Þ for each titratable site of BR and the interaction energies between them (the W ij site -site interactions) in equation (4) were obtained by continuum electrostatics calculations. 24 The PoissonBoltzmann equation was solved by a finite-difference method 91 using the MEAD program suite. 27, 92 The membrane environment of BR was modeled as described above with a low-dielectric uncharged ring surrounding the protein, so that both membrane and ionic strength effects are included.
All aspartic acid residues, glutamic acid residues, lysine, arginine, and tyrosine residues as well as the retinal Schiff base were considered as protonatable sites (BR has no histidine residue). Crystallographic water molecules were not included in these calculations. Instead, internal water molecules were treated as a high-dielectric medium filling the protein cavities. Atomic partial charges for standard amino acid groups were taken from the CHARMM22 parameter set. 84 The charges of the retinal Schiff base were derived from a density functional calculation with the VWM 93 and PW91 94 functionals, and using the program ADF 95 ( Table 3 ). The electrostatic potentials obtained from these calculations were fitted using the CHELPG algorithm 96 combined with a singular value decomposition. 97 The remaining charges for the retinal were taken from Baudry et al. 98 The pK a values of the model compounds were taken from the literature. 26, 33, 99 The dielectric constant of the protein and membrane interiors was set to 4, and that of the solvent was set to 80. The dielectric boundary between solute and solvent was calculated using a water probe sphere of 1.4 Å radius and the atomic radii given above. The ionic strength was set to 1 M in order to match, on average, various experimental conditions for BR titrations. The thickness of the ion exclusion layer was set to 2.0 Å . The ionic strength was zero within the protein cavities, since no internal cavity was found when using a probe sphere of 2.0 Å radius. Continuum electrostatics calculations were performed using the focusing technique 91 in three steps due to the size of the system which includes the large membrane ring. The biggest grid was placed at the geometric center of the system. The resolution of this initial coarse grid was 1.0 Å and the distance between the grid boundaries and the membrane ring or the protein surface was at least 10 Å . Because of some geometrical differences, we used 101 3 grid points for 1C3W and 1KGB, and 121 3 grid points for 1KME. In the second focusing step, we used a finer grid with 81 3 points and a grid spacing of 0.5 Å . In the third step, the finest grid was defined with 101 3 points and a grid spacing of 0.2 Å . The latter two grids were centered at the titratable site. A similar procedure was used for the model compound, with all grids centered at the titratable site. These grids had dimensions of 81 3 , 81 3 , and 101 3 , and grid spacings of 1.0 Å , 0.5 Å , and 0.2 Å , respectively.
Calculation of the titration profile
In order to calculate the protonation probabilities of all titratable sites in the BR protein, we used a Monte Carlo approach (MC) similar to that implemented in the MCTI 41 and Karlsberg 42,100,101 programs. The elementary MC move is the attempt to change the protonation state of a randomly chosen titratable site. The Metropolis criterion is evaluated at the given temperature to accept or reject the move. The efficiency of the sampling is increased by a special treatment of pairs (double moves 41 ) or triplets (triple moves 102 ) of titratable sites that interact by more than a certain energy threshold. In the case of a double (resp. triple) move, the protonation state of the two (resp. three) titratable sites is changed before the Metropolis criterion is evaluated. We implemented the MC method with double and triple moves in a program that allows us to calculate the protonation probabilities as a function of two pH values. Two-dimensional titration profiles were calculated for a wide range of pH values. The intracellular pH (pH CP ) and extracellular pH (pH EC ) were sampled from pH 0 to pH 16 by increments of 0.1 pH unit, which results in 25,961 evaluations of the protonation probability of each titratable site. The temperature was set to 293 K. The coupling threshold defining the pairs of titratable sites for double moves was set to 2pK a units. The coupling threshold for triple moves was set to 3pK a units. In all, 30,000 MC scans were performed, where one MC scan comprises as many MC moves as titratable sites, pairs and triplets are present in the molecule. At each pair of pH values (pH EC , pH CP ), a randomly chosen initial state vector was equilibrated with 100 MC scans.
